A method for gauging the distance from a video camera to an object of interest is described. By using a calibrated camera-lens system, range was related to focus of a selected object. Optimum focus of the image was determined by maximizing the high-frequency content of the Fourier transform of the object image. The WalshHadamard transform was investigated as an alternative focusing function. Software was developed to determine optimum image focus and control a motorized camera lens. Range values from the video camera to target objects were calculated by the system. Calculated values were compared with measured distances. For any given distance, the difference between calculated and actual distance averaged less than 1.2%. Distance values calculated using the Walsh-Hadamard transform differed from values calculated with the Fourier transform by less than 1%.
INTRODUCTION
Much of the labor-intensive work in agriculture consists of reaching out, grasping an object, and then positioning the object in a desired location. This action exploits the unsurpassed hand-eye coordination of human workers. Substitution of machines for manual labor requires simulation of human hand-eye coordination. Most robotic applications in agriculture demand the ability to recognize and manipulate three-dimensional objects. With present technology, this requirement makes agricultural robotic systems uneconomical, except for special applications.1 The overall objective of this research was to investigate the feasibility of obtaining range data from a video camera using lens focus setting as an indication of object distance. This technique would yield information on the distance between the camera and object of interest without use of slrucwred lighting, a second camera, camera movement, or time-of-flight equipment.
The main objective was divided into three sub-objectives. The first was development of software to control the equipment and to determine when the image is in focus. Calibration of the system to obtain the relationship between lens focus setting and object distance was the second sub-objective. The final sub-objective was to evaluate the system accuracy and define possible sources of error.
PRIOR RESEARCH
Over the past ten years, hundreds of papers have addressed the subject of robotic vision and threedimensional image processing. A thorough discussion of three-dimensional object recognition and an extensive literature review were performed by Besl and Jam? They give a precise defmidon of object recognition, list qualitative requirements of recognition systems, and discuss emerging themes in various areas of three-dimensional imaging. Bajcsy reviewed the accomplishments and trends in the area of three-dimensional scene analysis This paper examines current work in three-dimensional data acquisition and object representation and discusses control structure for recognition of three-dimensional objects.
Various methods of noncontact distance measurement are being investigated by researchers in robotics and computer vision. An excellent review of noncontact distance sensor technology is given by Koethgsberg He classifies the sensors into categories according to mode of operation; mechanical, electromechanical, and electromagnetic. Various techniques of noncontact range-fmding are considered in a survey article by Wolpert, while methods for mobile robots are reviewed by Everett Extensive research has been conducted in the area of autofocusmg. Schiag, et al. investigated various algorithms for automatic focusing of a computer vision syste& Krotkov investigated the use of lens focusing to compute the absolute distance from the lens to a sharply imaged object'9 He performed diffraction analysis and geometric optical analysis of image defocus and proposed nine different criteria functions for measuring the quality of focus. Type of lens model, windowing of the image, and effect of lens zoom setting are discussed.
Geometrical and diffraction analyses show that the condition of defocus results in the attenuation of high spatial frequencies. This well-known fact reveals that the degree of defocus varies inversely with the amount of high spatial frequency energy present in the spatial frequency spectrum. For measuring the quality of focus, Krotkov investigated criteria functions which respond to high-frequency content in the image.
The Fourier transform of an image directly provides the spatial frequency distribution of that image. In 1968, Horn used the Fourier transform to investigate automatically focusing a video imaging system.11 Work by Schlag, et al. considered using the Fourier transform as an autofocusing algorithm, but after analyzing the number of computer floating-point additions and multiplications required, the idea was abandoned7 The Fourier transform was not considered for implementation by Kroikov, because of computational complexity, superfluous data (ie. magnitude and phase), and lack of guidance regarding procedures when little high-frequency energy is present in the power spectrum.8'9 The other eight focus measuring methods proposed by Krotkov were spatial domain techniques. Of these eight, six were implemented and evaluat&2 He reported that the thresholded gradient 3. SYSTEM DESIGN Obtaining range data from lens focus required combining various pieces of equipment and developing significant software for control and analysis. We describe first the hardware components used and their integration into a complete system, then detail the software developed to control and operate the system.
Hardware
The image processing computer used for this project was an International Robomation/Inteffigence (IRI) D256 machine vision system. Resolution is 256horizontal pixels by 240 vertical pixels with 8 bits of gray level per pixel. The computer uses a real-time Unix-type operating system and includes image processing functions callable from programs written in C. An EG&G Reticon Model MC9256 camera was employed for image acquisition. The camera uses a 256 x256 photodiode array image sensor. Camera output was processed into a RS-170 compatible video signal with an EG&G Reticon Model MB9000 Video Data Formatter.
In order to implement an autofocusing technique, control of lens focus was required. A small stepper motor was mounted to drive a 135mm, f/2.8 lens using a miniature sprocket and cable chain. The stepper motor was connected to the IRI-D256 computer through a parallel port which controlled a translator-driver board. The driver board was used to actuate the stepper motor in an open-loop control mode.
Software
System software is divided into three modules. The MAIN MODULE searches for optimum focus position by calling the FOCUS QUALITY function and the MOTOR MOVE function. The MAIN MODULE also calculates the object distance from the optimum focus position and stores the data to disk.
Focus module
The FOCUS QUALITY module uses the Fourier or Walsh-Hadamard transform to obtain a measure of focus quality. To obtain a measure of image focus quality, the transform coefficient values must be analyzed.
Sharp focus conditions yield higher frequency components in the spectrum. Therefore, the desired result is to maximize the high-frequency content of the spectrum. The software evaluates the frequency content of the spectrum by performing a calculation analogous to the moment-of-inertia in mechanics. Each pixel in the twodimensional spectrum has a coefficient value that is analogous to the mass value of an incremental mass element.
In mechanics, the mass element is multiplied by the square of the lever arm length. The distance from the mass element to the axis of rotation is the lever arm.
Because the spectrum of an image is symmetrical, only half of the Fourier coefficients need be included in any calculations. The zero frequency point (N/2,N/2) can be viewed as the axis of rotation. The radial distance from the zero frequency point to each pixel is used as the lever arm. Higher frequency components are analogous to mass distributions away from the axis of rotation. Therefore, as the moment of inertia gives a measure of the mass distribution about an axis of rotation, the focus quality can be judged by the spectral distribution about the zero frequency point. A single numerical value is then obtained as an indication of focus quality. The larger the numerical value, the sharper the focus appears.
The Waish-Hadamard transform of an image does not possess a convenient physical analogy as does the Fourier transform. It is unknown if the same elegant mathematical techniques of Fourier optics can be used to describe image focus quality. Specifically, do high-sequency Walsh coefficients yield sharp, high contrast images? The effect of coefficient ordering with regard to image quality is also unknown. To answer these questions, both normal-ordered and sequency-ordered transform coefficients are calculated and evaluated by the software.
For an N x N pixel image, the Waish-Hadamard transform yields an N x N matrix of real numbers. When placed in sequency order, coefficient (0,0) is the zero sequency (dc or no zero-crossing) component and coefficient (N-i, N-i), the highest sequency component. To calculate a focus quality value using Walsh coefficients, a moment-of-inertia type calculation is performed similar to that used with the Fourier coefficients. In this case, all N x N Walsh coefficients must be included, since the Walsh-Hadamard transform does not possess the symmetry of the Fourier spectrum. The Walsh coefficient value is multiplied by the radial distance squared, with the radial distance from the coefficient (0,0) to each pixel component used as the lever arm. As before, the coefficient (0,0) may be viewed as the axis of rotation. The fmal task performed by the focus module software returns the focus quality value and program control to the main software module.
Search routine
The search routine forms a large part of the MAIN MODULE. This algorithm locates the stepper motor position which gives optimum focus quality. The stepper motor position is then used in the prediction equation to obtain object distance from the camera.
Focus quality is mainly a function of focus position for a given object distance, f-stop setting and scene
lighting. This quality function reaches a maximum at the point of optimum focus. Therefore, the search routine must locate the maximum value of a function. The Golden Section search method was chosen for this project because of ease of programming and integration into existing software, and because no a priori knowledge about the function is required.17
The end results are arrays of focus quality values and stepper motor positions for each evaluation.
Maximum focus quality value is found, along with the corresponding stepper motor position. The stepper motor position is then entered into the prediction equation to obtain the object distance. The fmal task is to write the data to the hard disk, then exit to the operating system.
Stopper motor control
The stepper motor position value is passed to the MOTOR MOVE module by the search algorithm in the MAIN MODULE. The MOTOR MOVE function compares this number with the previous motor position value.
It then determines the relative number of steps to rotate the motor and the direction of rotation. After moving the proper number of steps, the MOTOR MOVE function returns to the main program.
EXPERIMENTAL PROCEDURE

Calibration
Each function and module were individually tested during software development. The FFF and WalshHadamard algorithms were tested with one and two-dimensional sample data from the literature to verify proper results. To test the focus quality function, the camera was focused on a standard USAF-1951 resolution target.
Image focus was manually adjusted to the optimum setting as viewed by a human observer. Repeated calculations of the focus quality function were performed and evaluated. The values calculated had a range of variation of less than +/-2%.
By knowing lens focal length and image plane distance, the distance from the lens to the actual object can be calculated using the thin-lens equation. Applying this relationship to a machine vision system becomes more complicated, because most lenses for video cameras have multiple lens elements instead of a single thin lens. The image distance (ie. distance from the rear of the actual lens to the image sensor) is usually fixed, and focusing is achieved by the translation of internal lens elements. Therefore, the thin-lens equation cannot be used in its normal form.
This problem was circumvented by calibrating the camera-lens system to various known object distances.
Calibration of the camera lens system was accomplished by first locating an object at a known distance from the camera lens. The software was then executed to fmd the maximum focus quality function value (optimum image focus). Object distance and stepper motor position at optimum focus were recorded in a data table. The object was placed at a new location and the previous steps were repeated. This procedure was continued until the complete range of object distances was measured.
Data obtained during calibration were fitted to a curve, plotting stepper motor position against object distance. The data points were analyzed using a statistical and curve-fitting software package8 The curves obtained by plotting the prediction equations are similar to a plot of image distance versus object distance using the simple lens equation and a fixed focal length.
Range measurements
The calibration equations were added to the MAIN MODULE to enable the system to make range measurements. Stepper motor position corresponding to maximum focus quality value was determined, then entered into the prediction equation to calculate range. Except for this additional step, the software used for range measurement was identical to that used for calibration.
Two different range measurement experiments were performed. The first test used only the Fourier transform to determine image focus quality. A pine tree seedling and an orange were used to test the system with actual three-dimensional objects. Range values from the video camera to the pine tree seedling were calculated at 4 distances, with a total of 17 data points. Distance to the orange was calculated at 2 locations with a total of 11 data points. Lighting conditions were kept constant An aperture of f/4 was used for all tests. To ensure background uniformity, a Kodak 18% Gray Card was used.
The second test used all three focusing algorithms to compare their accuracy. A pine tree seedling was the object of interest Range values from the video camera to the pine tree seedling were calculated at 3 distances, with a total of 21 data points (22 data points for normal-ordered Walsh transform). Constant lighting conditions were used, along with a Kodak 18% Gray Card background. An aperture of f/4 was used for all tests.
RESULTS
Test 1
In all but one case, the optically measured distance differed from the actual distance by less than 1%. The average percent difference is less than 0.5%. 
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Column 2 of the table lists the mean of the optically measured distances for each location. The last column shows plus-and-minus 3 standard deviations from the mean.
Test 2
The second test compared distances calculated by the Fourier, normal-ordered Waish-Hadamard, and sequency-ordered Waish-Hadamard transforms. In all but one case case, the optically measured distances differed from the actual distance by less that 1.2%. The average percent difference is less than 0.55%. Due to physical constraints, range measurements were limited to the interval between 1400 and 2500 mm. Minimum focusing distance was slightly less than 1400 mm for the lens used. Power supply and video cable length, as well as room size restricted measurements to less than 3000 mm. A compromise was required between execution speed and a window size containing sufficient area of the object of interest The image quality function was evaluated within a 64 x 64 pixel window. The software required approximately 55 seconds to calculate the 64 x 64 point FFF.
SUMMARY AND DISCUSSION
A technique based on autofocusing was developed to optically measure the distance from a video camera to an object of interest. Software was written to determine optimum image focus, and control a motorized camera lens. The system was calibrated to obtain a relationship between stepper motor position and object distance.
Distance measurements were performed using an orange and pine tree seedling as target objects.
Comparison of the focus quality functions showed very little difference in ability to determine optimum image focus. The "moment-of-inertia" calculation used to evaluate transfonn coefficients proved to be an effective means of determining focus quality. Both Waish-Hadamard transform algorithms appeared to perform more effectively than the FF1' when there was limited information content in the image. This low-contrast condition occurred when the camera lens was grossly defocused. Focus quality values generated by the FVF demonstrated larger fluctuations than those generated by the Walsh transform under harsh image defocus. These qualitative observations should be investigated in more detail.
In the worst case, calculated distance varied from actual distance by almost 30 mm, representing a difference ofjust over 1%. One possible source oferror is the depth-of-field ofthe lens. Depth-of-field is the distance interval in which an object can reside while maintaining a sharply focused image. The distance interval is a function oflens focal length, aperture, and object distance. Depth-of-field is not a linear function. For a 135 mm lens with f-stop at f/4, the depth-of-field is approximately 40 mm for an object at 1500 mm, and 1 10 mm for an object at 2500 mm.
The sensitivity of the focus quality function is also a possible source of error. The function converges on the portion of the image with the greatest number Of edges. Therefore, if the desired measurement point has fewer edges than a nearby location, the function focuses on the position with the greatest number of edges, and the distance calculated is compromised. The pine tree seedling measurements contain this type of error. Actual measured distances were from the camera to the main stem, whereas the software focused on needles slightly ahead of the stem. The calculated range was always slightly less than the actual distance to the stem.
Mother problem can occur when there are insufficient edges or not enough contrast in the sharply focused image. Enough high-frequency components must be generated by actual edges to rise above the noise floor of the spectrum. This requirement was evident when the image window contained only a small section of the orange surface. The dimples on the orange rind often did not present sufficient contrast to enable the software to converge on sharp focus.
For scenes with sufficient edges and contrast, the system performed flawlessly and with greater accuracy than indicated by the depth-of-field limitation. Distance errors averaged less than 0.55%. TheGolden Section search algorithm required between 7 and 11 iterations to locate the maximum focus quality value. Optimizing the hardware and software could reduce the focus cycle time by almost two orders of magnitude. The use of a more efficient search algorithm such as Brent's method could reduce by about one-third the number of iterations needed to fmd the maximum focus quality value)7 With the availability of low-cost image processing boards capable of computing the FFF on a 128 x 128 image in less than 0.4 seconds, this technique should prove valuable for autofocusing and optical range-finding.
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